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The richness of the phase diagram of water reduces drastically at
very high pressures where only two molecular phases, proton-
disordered ice VII and proton-ordered ice VIII, are known. Both
phases transform to the centered hydrogen bond atomic phase ice
X above about 60 GPa, i.e., at pressures experienced in the interior
of large ice bodies in the universe, such as Saturn and Neptune,
where nonmolecular ice is thought to be the most abundant phase
of water. In this work, we investigate, by Raman spectroscopy up
to megabar pressures and ab initio simulations, how the trans-
formation of ice VII in ice X is affected by the presence of salt
inclusions in the ice lattice. Considerable amounts of salt can be
included in ice VII structure under pressure via rock–ice interaction
at depth and processes occurring during planetary accretion. Our
study reveals that the presence of salt hinders proton order and
hydrogen bond symmetrization, and pushes ice VII to ice X trans-
formation to higher and higher pressures as the concentration of
salt is increased.
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All models of the interior of ice bodies in the universe rely onour knowledge of the behavior of a few simple molecules
under high pressure and temperature (1–22), water being the
most intriguing of them, due to its abundance and its connection
to life existence.
New data delivered by various space missions, such as the
Voyager, Galileo, and Cassini–Huygens missions, have greatly
improved our understanding of the icy bodies within the solar
system (23–25), and recent discoveries of extrasolar planets with
significant water ice content have highlighted the importance of
high-pressure H2O-rich phases in planetary physics beyond the
solar system (26).
Water displays an unusually rich pressure–temperature phase
diagram, which mainly derives from the open geometry of the
water molecule, which favors tetrahedral arrangements, and
from the possibility of configurational disorder of the protons in
the lattice. However, at high pressure (above about 2 GPa), the
system experiences a large densification as a result of the in-
terpenetration of low-pressure structures, and only two molec-
ular phases are known, ice VIII and VII (3, 4). Ice VII is com-
posed of two interpenetrating but not interconnected tetrahedral
hydrogen-bonded networks of water molecules of normal cubic
ice, Ic, with a body-centered-cubic (bcc) oxygen structure. The
orientation of the water molecules is disordered, resulting in a
paraelectric phase. In the antiferroelectric ice VIII phase, the
water molecules and the associated dipole moments on the two
sublattices possess long-range order and point in opposite di-
rections, promoting a slight tetragonal distortion of the cubic
unit cell along the staggered polarization (3, 4). In these two
phases, the hydrogen bonds are characterized by a pronounced
double-well proton transfer potential. Upon reducing the dis-
tance between donor and acceptor oxygens, the proton potential
degenerates into a single-well potential (27–31), giving rise to a
symmetric or centered hydrogen bond, where hydrogen atoms
are located midway between two neighboring oxygen atoms.
Infrared (IR), Raman, and X-ray measurements (5–10) have
provided evidence for the transition in water from the molecular
proton-disordered ice VII to an atomic phase with symmetric
hydrogen bonds when the distance between acceptor and donor
oxygen atoms decreases below 2.3 Å (at about 60 GPa).
Quantum effects play an essential role in the phenomenon of
hydrogen bond centering; thus the description of ice VII and ice
VIII transformation to the atomic ice X represents a stringent
benchmark for theoretical calculations (27–35). First-principle
calculations predict an intricate pretransitional behavior char-
acterized by possible intermediate disordered ice X or VII
phases (27–30, 35). At room temperature, this transition is de-
scribed as a change from frozen-in static disorder to dynamical
disorder mainly induced by proton hopping along hydrogen
bonds, via transient ionic defects (27). However, while it is well
known that the number of ionic defects in ice can be remarkably
increased by salt dissolution in water (36), the effect of dissolved
ions on ice VII to ice X transition has never been investigated.
Recently, unexpected evidence has emerged that high-pres-
sure water polymorphs can contain a substantial amount of small
ions in salty ice structures (37–42), and, similarly to what is ob-
served in ice clathrates (43, 44), they transform under pressure
into bcc O lattices with ions either occupying interstices (37) or
being substitutional to water molecules (37, 39). These “filled”
ice structures can be stable over several gigapascals and hun-
dreds of Kelvins, conditions encountered in large ice bodies in
the universe. Combined neutron scattering experiments and
molecular dynamics simulations have allowed sketching of the
pressure and Temperature (p-T) phase diagram of LiCl–water
and NaCl–water mixtures up to a few gigapascals, and have
shown that the presence of salt suppresses the ordered ice VIII
phase and modifies the boundary of the proton-disordered ice
VII phase (37–42). Orientational disorder of water molecules is
also enhanced by the presence of salt, as demonstrated by the
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calculated water dipolar momentum distribution (37), and plastic
phases are likely promoted in salty ices at lower temperature
then predicted in pure ice (45, 46). The existence of high-pres-
sure symmetric phases in the presence of ionic impurities was not
investigated in these studies, due to the pressure limitations of
neutron diffraction technique.
Results
In this paper, we report on a Raman study up to megabar
pressures of ice phases containing LiCl at different concentra-
tions. LiCl–water is a model system used since the early 1970s in
several seminal studies investigating the effect of salts on water
structure (47, 48). Due to its high vitrification ability, LiCl–water
also represents the ideal system to produce the salty amorphous
ice phases serving as precursors for salty ice VII crystallization
under pressure (37–39) (details are given in Sample Preparation).
Despite a different ability to vitrify (47–49) and to undergo
polyamorphic transitions at ambient and moderate pressures
(39), LiCl and more naturally abundant NaCl produce very
similar modifications on water structure and equations of state at
high pressure (39–42).
The explored pressure range, 2–150 GPa, covers the stability
fields of ice VII, ice VIII, and ice X phases in pure water. Raman
spectroscopy coupled with the diamond anvil cell technique is
ideal for probing hydrogen bond symmetrization. In particular,
the observation of a single O–O vibrational mode of T2g sym-
metry in the low-frequency range (5, 6) is commonly used to
identify the transition to the cuprite-type structure of ice X. A
sketch of the high-pressure phase diagram of salty LiCl water so
far known (37, 38, 41, 49) is represented in Fig. 1, where the
thermodynamic paths followed in the present experiment are
also indicated.
Salty ice VII samples LiCl:RH2O, where R indicates the water
molecules/salt ratio, at different salt concentrations R = 6
(15 mol%), R = 12 (8 mol%), R = 30 (3.5 mol%), and R = 50
(2% mol) were prepared following the procedure detailed in
Methods and depicted in Fig. 1.
All of the samples have been first characterized at low pres-
sure, where a significant broadening of the lineshape of the OH
stretching modes with respect to pure ice H2O is observed (see
Supporting Information), as expected in the presence of in-
terstitial impurities. Subsequently, they have been slowly com-
pressed at room temperature up to 120–150 GPa, with pressure
steps of the order of 10 GPa, to monitor the ice VII to ice X
transformation. In particular, the softening of the OH stretching
modes with pressure and the appearance of the characteristic ice
X O–O T2g mode have been measured at high resolution and
compared with a pure H2O sample (Methods).
The high-frequency OH stretching vibrations in H2O ice VII
form a disorder-broadened triplet, assigned to ν1 (A1g), ν3 (Eg),
and ν1 (B1g) modes in order of increasing frequency. As in refs.
5–7, we observe softening of these modes with pressure, signaling
the approach of displacive phase transitions. Despite the merg-
ing with the second-order band from the diamond anvils in the
pressure range of 30–50 GPa, depending on salt concentration,
we were still able to track the behavior of these bands up to
50 GPa by subtracting the signal from the stressed diamond anvil
in contact with the gasket measured at each pressure point (for
further details, see Supporting Information). Above this pressure,
the subtraction is, in our opinion, no more reliable as the three
modes decrease in intensity and become much weaker than the
diamond background. The high-frequency ν1 (A1g) band has the
largest pressure shift in pure water, and its softening has been
directly linked to the appearance of the ice VII to ice X transition
(5, 6) at higher pressures. It can be readily observed from Fig. 2
that the softening of these bands is strongly reduced by the pres-
ence of salt.
Further increase of pressure to about 80 GPa results in the
appearance of a new, narrow band in the low-frequency spectrum,
Fig. 1. Pressure–temperature phase diagram of salty ice as sketched from
our previous neutron diffraction experiments and MD simulations on LiCl–
water solutions under pressure (37, 38, 49). In the present experiment, we
probed the ice VII to ice X transition, both in compression and decompres-
sion, in the 10- to 150-GPa range and room temperature by Raman scat-
tering. Specific thermodynamics paths have been followed for R = 6 and 12
solutions (path 1) and for R = 30 and 50 solutions (path 2) to first produce
the amorphous precursor embedding the salt and then crystallize salty ice
under pressure (37). The shadowed part is the region of existence of the
polyamorphic phases (38).
salty ice VII 
Fig. 2. Raman frequencies of ν1 (A1g), ν3 (Eg), and ν1(B1g) modes as a func-
tion of pressure in pure H2O compared with LiCl:12H2O up to 40 GPa. For
higher pressures, the triplet strongly decreases in intensity, and at P =
50 GPa, it merges into the second-order Raman signal from the diamond
anvils, hindering a reliable quantitative analysis of the peak shifts. The
pressure dependence of the OH stretch Raman bands in pure ice VII are in
agreement with previous high-pressure Raman measurements (5, 6). Solid
lines are guides to the eye. (Inset) A simulation snapshot of salty ice VII
structure, where the Cl ion substituting a water molecule is represented in
blue and the interstitial Li ion is in pink. The water orientational distortion
and the O displacement close to the ions can be readily observed.
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attributed to the O–O stretching mode in the symmetric ice X
phase (5, 6). The frequency of this new excitation increases with
pressure, and the corresponding peak is the only first-order exci-
tation in pure H2O at these pressures, due to symmetry restrictions
(5–9). As shown in Fig. 3, the appearance of this band is pushed to
higher pressures (namely at about 90 GPa, 100 GPa, and 120 GPa
for R = 50, 30, and 12 solutions, respectively) in the presence of
salt inclusion. Furthermore, the presence of the O–O stretching
mode was not observed in the R = 6 salt solutions up to the
maximum investigated pressure, P = 145 GPa.
Ab initio computer simulations were performed on a 3 × 3 × 3
supercell of 54-x water molecules and x={1,2,4,6} LiCl pairs
disposed following the experimental structure indicated in ref.
37, to elucidate the effect of salt inclusion in ice lattice on the
H-bond symmetrization (for details, see Methods).
To estimate the ice VII to ice X transition, we calculated the
H–O first and second neighbors distributions along our ab initio
molecular dynamics (MD) simulations. When the system is ice
VII-like, this distribution is double-peaked; at the transition
pressure, the system becomes ice X-like, i.e., the hydrogen atoms
occupy the symmetric position along the O–O directions and the
above distributions merge and can be fitted at comparable
quality by a single-peaked function.
We report in Fig. 4 the main result of our experimental and
computational study: The inclusion of ions pushes the ice VII to
ice X to higher and higher pressures, and this occurs with a
nearly exponential law, with a similar trend observed both from
experiment and simulations. The shift of almost 35 GPa between
the ab initio calculations and the experimental transition, de-
fined by the appearance of the T2g Raman mode, is likely due to
quantum effects, and, in particular, to the fact that nuclei are
approximated as classical particles in our ab initio molecular
dynamics calculations, and are therefore unable to tunnel
through the potential barrier (31). Moreover, our classical de-
scription of nuclei hinders a finer description of possible isotopic
effects (32). A deeper atomic-level analysis reveals that the bond
symmetrization is indeed hindered by the ions, particularly in the
first neighbor shell of an ionic intrusion (see Fig. 4, Inset).
Similar results have been obtained for NaCl solutions close to
the eutectic composition (R = 11.5), where no appearance of the
T2g mode has been observed up to 1.5 Mbar pressure.
We attribute this effect to the strong local perturbation in-
troduced by the charged ion. In fact, in pure ice, the bond
symmetrization seems to occur as a synchronized displacement
of all hydrogen atoms, which are all topologically identical;
conversely, in salty ices, this topological invariance is lost, hy-
drogens are different according to their proximity to salt’s anions
or cations, and this also constrains the water molecules orien-
tational degrees of freedom.
Ice X is thought to be the precursor for a superionic ice phase
(33, 34), which would manifest in the pressure range of ice X but
at higher temperatures. The superionic phase is a nonmolecular
phase characterized by mobile delocalized hydrogen atoms
moving in the oxygen lattice and giving rise to electrical con-
duction. This ice phase is thought to be the dominant phase of
the interior of giant icy planets and may be responsible for the
observed anomalous magnetic moment of Uranus and Neptune.
Recent studies showed experimental evidence for superionic
conduction at significantly low temperature compared with ear-
lier theoretical estimates (17, 18, 50). The presence of salt im-
purities in natural ice, incorporated via ocean–ice interaction,
rock–ice interaction at depth, or processes that occurred during
accretion (1, 2, 23–25), could strongly modify the thermodynamic
conditions and the mechanism for the appearance of change in
such an extreme state of matter, and eventually promote novel
exotic properties, thus challenging our present description of the
physics of these bodies, essentially based on the assumption of the
properties of pure ice under high pressure. We believe that
the ionic impurity effects on the onset of superionicity and on the
high-pressure phases predicted in ice strongly demand sys-
tematic investigation.
Methods
Sample Preparation. Salty ice VII samples were produced following the pro-
cedure described in refs. 37–39. by R = 6 aqueous solutions loaded into high-
pressure chambers of 30–40 μm in diameter in a rhenium gasket between
two type IIa synthetic diamonds mounted on a symmetric Mao–Bell-type cell.
A salt-doped amorphous sample was produced by hyperquenching R = 12
aqueous solution (39), loaded under liquid nitrogen, compressed to 4 GPa,
and then annealed at this pressure, to promote salt inclusion in the ice
lattice (37). Finally, R = 30 and R = 50 LiCl aqueous solutions were loaded in
the cell at ambient temperature and compressed to 5 GPa, warmed at
400 °C, and then quenched to 77 K by immersing the cell in liquid nitrogen.
As previously observed, the open structure phases of ice, like Ice Ih, Ic, and
IX, expel salt from their lattice when they nucleate, so that, at low pressure,
salty ice exists only in its high-density amorphous phase (s-HDA) (38, 39, 49),
Fig. 3. High-resolution Raman scattering measurements in the 300–1,000 cm−1
range as a function of pressure up to 150 GPa for R = 50 (Top Right), R = 30
(Left), and R = 6 (Bottom Right) water molecules for LiCl. Numbers indicate
the nominal pressure in GPa. The transition from ice VII to ice X phase is
observed by the appearing of the T2gO vibrational mode.
Fig. 4. Ice VII to ice X transition pressure dependence on salt concentration
in LiCl:RH2O solutions as measured by Raman scattering experiments (green
dots) and calculated by ab initio simulations (red dots). The green cross
represents the maximum pressure value reached for the LiCl:6H2O sample
where the transition has not been observed. Simulation snapshots of the ice
X phase in pure water and LiCl:20H2O are shown. No symmetrization of the
bond occurs near the ion impurity.
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which transforms under compression to a very high-density phase (s-VHDA)
octahedrally coordinated around Li ions. When annealed at room temper-
ature under high pressure, this s-VHDA transforms into a salty ice VII struc-
ture, including the Li ion as interstitial and the Cl ion as substitutional
inclusion (37). The proton-ordered ice VIII phase is, conversely, suppressed by
the presence of salt that disorients the water molecules network.
High-Pressure Raman Scattering. Raman scattering measurements were per-
formed on an HR800 commercial confocal Raman spectrometer equipped
with Cobolt 532-nm 2-W DPSS laser. We used a long working distance 50×
Mitutoyo objective.
Owing to the very low scattering cross section of the H2O at these pres-
sures, careful measurements of the background luminescence and Raman
scattering from the diamond anvils were conducted. We used high-purity
ultralow-fluorescence diamond anvils in a confocal optical configuration
with a tightly focused laser that substantially suppresses the luminescence
and spurious Raman signals. Furthermore, at each pressure point, we mea-
sured the scattered signal from the stressed diamond anvil in contact with
the gasket, close to the gasket–sample boundary, and we evaluated the
pressure gradient due to the shear strength of ice by measuring the pres-
sure, via the ruby fluorescence, at different points of the sample area. The
pressure gradient increased from 0.2 GPa to 0.3 GPa at 3–4 GPa up to 3 GPa
at 60 GPa.
For each pressure point, spectra were collected with low [600 lines per
millimeter (l/mm) grating] and high (1,800 l/mm grating) spectral resolution
modes. The first mode was used for recording very broad spectral features in the
500–4,500 cm−1 range, whereas the second provided more accurate measure-
ment of the narrow bands, and was mainly used in the 100–1,200 cm−1 range.
Spectra along the 295 K isotherm were systematically measured by in-
creasing and decreasing pressure conditions, to test the reproducibility of
the results.
Representative Raman spectra and background subtraction for 15 mol%
solution, 5 mol% solution, and pure water in the high-frequency range are
shown in Supporting Information.
Ab Initio Molecular Dynamics Simulations. Density functional theory (DFT)
calculations were, at first, performed on a 3 × 3 × 3 supercell of pure ice VII
(54 water molecules) using the CASTEP Code (51). All calculations were then
repeated with salty ice with the same cell containing 54-x water molecules
and x={1,2,4,6} LiCl pairs. Li and Cl ions were distributed using a random
number generator, to replace random water molecules of the ice lattices
with Cl ions at the oxygen position, and to place Li ions at a random in-
terstitial position, namely the face centers of the notional one-molecule ice
VII unit cell following the experimental structure indicated in ref. 37. Best
configurations were chosen based on the lowest energies and most uniform
distribution of ions within the lattice.
The first part of the theoretical work involved static structural relaxations
to determine the optimal settings for the ab initio molecular dynamics
simulations, establish the nature of the phase transition for pure and salty ice,
and estimate a pressure for the transition.
Proton-disordered configurations were obtained using the following
procedure: An ordered ice VII cell was set up (not necessarily obeying the ice
rules). The oxygen positions were fixed, and classical isochoric-isothermal
(NVT) molecular dynamics was run at high temperatures (2,000 K) using the
TIP4P/2005 rigid body empirical potential, randomizing the molecular ori-
entations. The system was then gradually quenched to vanishing tempera-
ture, and the final configurations were taken. These configurations were
validated against violations of the ice rules and used as the starting points for
subsequent ab initio ice VII calculations. The energy differences between
different proton-ordered configurations are minimal, as little as 1 meV per
atom (52), and are minimal compared with the defect energy caused by
introducing Li and Cl ions into the lattice.
The PBE exchange correlation functional was usedwith a plain wave cutoff
of 380 eV, and the Brillouin zone was sampled at the gamma point only.
Calculations were considered to be converged when the energy changed by
less than 10−6 eV between steps. Convergence thresholds of 10−5 eV for the
energy, 2 × 10−3 Å for ionic displacements and 5 × 10−2 eV/Å for forces were
used in the geometry optimization. The cell parameter of the supercell was
varied in decrements of 0.01 Å, the ionic positions were relaxed until the
forces were minimized, and the hydrostatic pressure was calculated.
This process was repeated using isobaric–isothermal (NPT) ab initio mo-
lecular dynamics simulations with the same supercell at 300 K and a range of
pressures and concentrations. Identical electronic structure calculation pa-
rameters were used as for the static DFT calculations. A timestep of 1 fs was
used, with a Nosé–Hoover thermostat with a 0.1-ps time period and an
Andersen–Hoover barostat with a 0.5-ps period.
At the highest pressure, the ice X structure was used as the initial con-
figuration. Then NPT ab initio molecular dynamics was started, equilibrating
the system for 1–2 ps and collecting statistics for 10–60 ps. The final con-
figuration of this run was then equilibrated at the next lowest pressure, then
the simulation was run for 10–60 ps, and so on, until the lowest pressure was
reached. OH and H bond lengths were sampled every 10 fs for 10 ps. The
transition pressure was estimated as the pressure to which calculated H–O
first and second neighbors distributions can be fitted at comparable quality
by a single-peaked function.
This procedure actually does not show any hysteresis, which is consistent
with the static calculations, showing that the enthalpy varies smoothly as
a function of pressure, with no discontinuity that would indicate a first-
order transition.
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